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Bound states in the continuum (BICs) are widely studied for their ability to confine light, produce
sharp resonances for sensing applications and serve as avenues for lasing action with topological
characteristics. Recent experiments have demonstrated the existence of exotic modes which occur
in off-Γ points not accessible by symmetry-protected BICs, Freidrich-Wintgen (FW) BICs. In
previous works, FW BICs were formed by either varying the incident angle or through geometric
manipulation. On the contrary, in this work we demonstrate the formation of FW BICs induced
by different linear polarization states of incident terahertz waves. Furthermore, as predicted by
theory, the position of the FW BIC region is verified to change as a function of asymmetry. This
allows for a unique parameter, incident polarization, to induce the FW BIC and modulate the
supercavity resonance with the degree of asymmetry. The polarization-selective quasi-BICs observed
near the FW BIC have potential applications in lasing, spectral filtering and high-performance
sensing devices.
PACS numbers: 81.05.Xj, 78.67.Pt
I. INTRODUCTION
The concept of bound states in the continuum, or BIC,
was first proposed by von Neumann and Wigner for an
electron in an artificial complex potential1. Thereafter,
different types of BICs have been reported in quantum
systems2,3, acoustic and water waves4,5 and photonic
systems,6–12 where modes inside the radiation continuum
above the light line are perfectly confined instead of ra-
diating away. Due to the infinite quality (Q-) factor and
zero linewidth of the BIC modes, only quasi-BICs with
partial confinement and finite linewidth are observed ex-
perimentally. The partial confinement of waves has ap-
plications in lasing13–15, nonlinear phenomena16–18 and
high-performance sensing devices.19–21
In general, bound states in the continuum originate
from two physical mechanisms. The more common type,
symmetry-protected BIC results from a symmetry mis-
match between radiative modes and the mode profiles
inside the Brillouin zone near the Γ point. The sec-
ond classification, Friedrich-Wintgen (FW) BICs (or ac-
cidental BICs), originates from destructive interference
between two radiation modes modulated by a specific
parameter22. Unlike symmetry-protected BICs, FW
BICs are observed at off-Γ points in regions with an ac-
cidental symmetry. These regions of the band dispersion
result in extremely high Q-factors around the FW BIC,
called near-BIC23 or supercavity resonances,13,24 and are
attributed to the coupling strength of the two radiative
modes that interfere destructively. The position and Q-
factor of the supercavity resonances can be extremely
sensitive to structural parameters of the device25. Fur-
thermore, in accordance with FW BIC theory, changes in
the coupling strength of the resonances result in a shift
of the FW BIC positions in the band dispersion26. Ef-
ficient control of the position and Q-factor of the super-
cavity resonance is desirable for practical design of high
Q-factor devices.
Limited experimental demonstrations of FW BICs
have been shown to be dependent on angles of incident ra-
diation in the infrared regime10,23,27. At terahertz (THz)
frequencies, symmetry protected BICs28–30 with few re-
alizations of FW BICs24,31 have been reported. Recent
investigations by Han et al.24 reported resonance-trapped
BICs with similar mechanism as FW BICs for THz meta-
surfaces by tailoring the geometric lengths of the silicon
resonators. They also reported frequency and Q-factor
modulation of the supercavity resonance through optical
pumping of the silicon resonators.
In this Letter, we report a novel method, altering the
linear polarization state of the incident THz wave, to con-
trol the coupling strength of the interfering resonances
that produce FW BICs. Through this method, we mod-
ulate the position and bandwidth of FW BICs in asym-
metric terahertz metasurfaces. Previous works induce a
FW BIC through non-zero incident angles or tailoring
the geometry of the device. The results of this work pro-
vide an active methodology to manipulate the extremely
high Q-factor resonances of FW BICs via manipulation
of the incoming radiation which could be advantageous
for photonic, lasing and sensing applications. The paper
is organized as follows. First, we confirm that a quasi-
BIC is formed by breaking the symmetry of the SRR unit
cell. Next, we investigate the influence of polarization on
the transmission spectra of the terahertz metasurface at
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2highest asymmetry, where a FW BIC region is formed
between 26◦ ≤ θ ≤ 36◦. Finally, we show that the spec-
tral position and Q factor of the supercavity resonances
around this FW BIC region can be precisely tuned as a
function of structural asymmetry.
II. MATERIALS AND METHODS
FIG. 1. Schematic of unit cell geometry of the asymmetric
THz metasurface array. (a) Geometrical description of the
symmetric SRR unit cell with l = 250 µm, w = 35 µm, and
g = 35 µm, (b) unit cell geometry for sample with δ = 72.5
µm or α = 100% and its respective optical image. Scale bar:
300 µm.
The unit cell geometry of a symmetric SRR with four
capacitive gaps at δ = 0 µm is shown in Fig. 1(a). The
dimensions are length l of 250 µm, bracket width w of 35
µm and gap width g of 35 µm arranged in an array with
300 µm period. An asymmetry parameter, α has been
defined as 100% × δi/δmax where δi is the distance be-
tween the gap center and the symmetry line and δmax is
72.5 µm as shown in Fig. 1(b). Experimentally, the SRR
arms consist of 100 nm thick silver layer deposited by RF
sputtering on polyimide substrate of 50.8 um thickness
using conventional lithography. An optical microscope
image of the metasurface is also shown in Fig. 1(b).
A high-resolution continuous wave THz spectrometer
(Teraview CW Spectra 400) that produces linearly polar-
ized collimated terahertz beams was utilized to measure
the transmission spectra of the aforementioned fabricated
metasurfaces. In this system, the optical beat frequency
of two distributed feedback near-IR diode lasers are tuned
to produce coherent THz waves between 0.05 to 1.5 THz.
The spectral resolution of around 100 MHz is enough to
resolve relatively narrow spectral features, in contrast to
the limited resolution of time-domain terahertz systems.
Samples were placed equidistant between the emit-
ter and detector in ambient air conditions. After mea-
surement, the transmission spectrum was calculated as
T (f) = PM (f)/Psub(f), where PM (f) and Psub(f) are
the filtered power spectra of the metasurface and sub-
strate, respectively. For the polarization dependence
investigation, the metamaterial sample is rotated by a
value θ to mimic the change of a polarization state of the
incident beam32.
For numerical simulations, we utilized a finite element
method with periodic boundary conditions to simulate a
2D infinite array of unit cells. The length scale of the
mesh was set to be less than or equal to λ0 /10 through-
out the simulation domain, where λ0 is the central wave-
length of the incident radiation. The input and output
ports are located at 3λ0 from the metasurface with open
boundary conditions. The material parameters used for
the structures are σ = 4.1 x 107 S/m for the metallic Ag
layer and  = 3.8 for the dielectric Kapton layer. For the
polarization dependent study, each unit cell was excited
with a THz plane wave of the correct linear polarization
state as indicated by the polarization angle from 0◦ to
90◦.
III. RESULTS AND DISCUSSION
Symmetry-protected BICs can be verified by breaking
the structural symmetry of the device. Here, we experi-
mentally show the quasi-BICs originating from the trans-
lation of the top gap of the unit cell, confirming the re-
sults of Cong et al.28. In general, any small perturbation
of the BIC gives rise to quasi-BICs that can be exper-
imentally verified such that symmetry-protected bound
states can radiate through coupling with the incoming
radiation.
As shown in the insert of Fig. 2, the top gap is trans-
lated laterally toward the right to break the C4 sym-
metry and produce quasi-BICs in the form of a Fano
resonance lineshape33–39. The asymmetry parameter α,
definied previously, describes a general parameter com-
mon to all symmetry-protected BICs. The simulated
and experimental transmission spectra are plotted when
the incident radiation is horizontally polarized (x-pol) in
Fig. 2(a) versus vertically polarized in Fig. 2(b). The
transition from a symmetry-protected BIC to a quasi-
BIC, due to asymmetry, is observed for both experiment
and simulation in x- and y-polarizations. The degree of
asymmetry before quasi-BICs can be detected is larger
for x-polarization where the transmission dip only be-
comes visible in simulations around 11% as compared
to 3% asymmetry for y-polarization. The extremely
3FIG. 2. Experimental and numerical investigation of the
symmetry-protected BICs from quasi-BICs induced from top
gap translation as illustrated in figure insert. Transmission
spectra for (a) horizontal polarization, (b) vertical polariza-
tion with respective pictorial illustrations with dependence
on asymmetry parameter α to exhibit the BIC nature from
disappearance of the Fano at symmetric region. The Q fac-
tor for (c) x-pol and (d) y-pol BIC resonances as a function
of asymmetry parameter α also confirm the diverging trend
near the symmetric region.
sharp quasi-BICs produced by very small perturbations
are not resolved experimentally due to limitation im-
posed by the detection equipment. The quasi-BIC closest
to symmetry-protected BIC modes are observed experi-
mentally at α = 40% for x-polarization and at α = 20%
for y-polarization. The inserts inside transmission graphs
plotted in Figs. 2(a) and (b) show the quasi-BICs in more
detail. The spectral feature of quasi-BIC also broadens
with increasing asymmetry showing a strong dependence
on asymmetric gap distance.
Further evidence of symmetry-protected BIC is repre-
sented by the disappearance of a resonance at the sym-
metry restoring region, where the linewidth becomes zero
or quality factor tends to infinity10,40. The Q-factors of
the resonances are extracted as Q = fi /∆fi, where fi is
the center frequency and ∆fi is the FWHM. In Figs. 2(c)
and (d), the calculated Q-factors of quasi-BICs show a
clear diverging trend when the structure approaches sym-
metry. However, the Q-factor diverges closer to the sym-
metric region for y-polarization. This shows the incident
field is more sensitive to the asymmetry in the struc-
ture when the electric field is orientated perpendicular
to the translated gap. The experimentally measured Q-
factor values are resolved for higher degree of asymmetry
with 38.7 at α = 40% for x-polarization and 34.8 at α
FIG. 3. Experimental and numerical investigation on polar-
ization dependence of Fano resonance near 0.4 THz for the
ultra-high asymmetry sample. (a) Sample α = 100% is ro-
tated counter-clockwise from θ = 0◦ to θ = 90◦. (b) The trans-
mission amplitude and Q-factor of the Fano resonance near
0.4 THz calculated from the simulated transmission spectra
are plotted as a function of rotation angle. The plateau region
in transmission indicates the FW BIC region induced by rota-
tion. (c) Pictorial illustration of the transmission amplitude
for different rotational angles between 0.3 and 0.6 THz with
the dotted circle indicating the FW BIC region with vanishing
linewidth. (d) Experimental and simulated transmission spec-
tra for different rotational angles θ corresponding to different
linear polarization states confirm the complete disappearance
of the Fano at θ = 30◦ due to FW BIC.
= 20% for y-polarization. The extracted experimental
Q-factors of the resonances show good agreement with
the simulated curves. Furthermore, the Q-factor values
presented here are comparable to the literature values
for THz metasurfaces of asymmetric resonances reported
from 20 to 79.28,36,37,41–43
To understand the dependence of incident polarization,
the ultra-high asymmetry sample (α= 100%) was mea-
sured for angle θ rotated counter-clockwise from 0◦ to
90◦ to mimic different linear polarization states; as illus-
trated in Fig. 3(a). The resulting spectra for different
rotation angles are plotted in Fig. 3(d) with the accom-
panying simulated spectra, where θ in that case corre-
sponds to the polarization angle of the incoming THz
wave. The measured Fano resonance disappears when
the sample is rotated to θ = 30◦ and reappears at θ =
45◦. The simulated transmission amplitude and Q-factor
of the Fano dip are plotted as a function of rotation an-
4gle in Fig. 3(b). Furthermore, a colormap for simulated
amplitude as a function of incident polarization angle is
presented in Fig. 3(c). The transition from Fano to BIC
and back to a Fano-type resonance can be observed in the
transmission amplitude with a plateau region between θ
= 20◦ and θ = 40◦ from both Fig. 3(b) and 3(c). This
plateau region is dependent on rotational angles and rep-
resents the FW BIC region with vanishing linewidth as
described by a dotted circle in pictorial illustration of
Fig. 3(c). The Q-factor also becomes infinite as the ro-
tational angles approach the FW BIC region as seen in
Fig. 3(b). This is characteristic of a FW BIC arising from
destructive interference between radiative modes modu-
lated by a specific parameter. The resonances with high
Q-factor around the FW BIC region are termed as su-
percavity resonances. In previous studies, FW BICs oc-
curred at non-zero incidence angles10,23,27 and through
geometric manipulation24,31. The FW BIC experimen-
tally observed in our system is induced by tuning the lin-
ear polarization states of electromagnetic field at normal
incidence on the sample. This allows for a unique param-
eter to produce the FW BIC in regions not accessible by
symmetry-protected BIC through polarization engineer-
ing. The advantage of EM waves is the scalability of op-
tical responses to different frequency bands. Therefore,
we can take advantage of this result to induce the polar-
ization selective FW BICs in other deep subwavelength
regions by tailoring the metasurface geometry.
To further analyze the behavior of FW BIC in the
asymmetric SRR, the transmission spectra from θ = 0◦
to θ = 90◦ is numerically calculated and pictorially illus-
trated in Fig. 4(a) for different asymmetry α values. For
the symmetric sample, there is a flat transmission for all
rotational angles as expected. When symmetry is per-
turbed by α = 20%, the Fano resonance appears but its
linewidth decreases with increasing rotation only to van-
ish after θ = 60◦. The dipolar resonance above 0.5 THz
with low transmission amplitude around 0.2 also starts
to split between rotational angles θ = 40◦ and θ = 60◦
for α ≥ 40% as previously reported in four gap circular
SRRs32. As the asymmetry is increased, the FW BIC re-
gion with vanishing linewidth appears in lower rotational
angles with the reappearance of the Fano identifiable at
higher angles. As predicted by original FW theory22,
this occurs due to the change in coupling strength among
the resonances that destructively interfere to produce the
FW BIC. The dependence of the central rotational de-
gree (θc) of the FW BIC on asymmetry parameter (α)
can be fitted exponentially with the equation θc = 8.9 +
79.3 exp (-0.013 α).
In addition, the rotational window of FW BIC region
changes based on asymmetry as illustrated by dotted
lines around the region in Fig. 4(a). Note that the ro-
tational angle corresponding to the linear polarization
state of light is directly related to the photonic band
dispersion12,44. Further, the Q-factors of the supercavity
resonances around the FW BIC region before it diverges
to infinity range from 42 to 320 for α = 100% to α =
FIG. 4. (a) Pictorial illustration for the rotational dependence
of the transmission amplitude calculated for different asym-
metry values α. The dotted lines indicate the FW BIC region
with very small linewidth. (b) The surface current distribu-
tions at rotational angles θ for BIC and quasi-BIC frequencies
for different asymmetry values α indicate the strong coupling
to incident radiation as the FW-BIC is perturbed.
20% respectively. As stated previously, the comparable
Q-factors measured from terahertz plasmonic metasur-
faces range from 20 to 7928,36,37,41–43. Hence, we have
shown the modulation of both the position and Q-factor
of the supercavity resonances from FW BIC with degrees
of asymmetry.
To gain an understanding of the physical nature of
the FW BIC region, the surface current distributions at
the rotational angles for FW BIC and quasi-BIC (angles
just to the right of the FW BIC angle) frequencies are
plotted for different asymmetry α values in Fig. 4(b).
At the FW BIC frequencies, the bound states on the
structure are weakly coupled to the radiation as evi-
denced by low surface current density on the SRR arms
in comparison to quasi-BICs. When the FW BIC is per-
turbed by further rotating the sample to produce the
quasi-BICs, the modes within the structure are strongly
coupled to the radiation with stronger field confinement
on the metallic SRR arms. High current density is con-
centrated on the top SRR arm which lengthens as the
gap is translated. The current distributions exhibit anti-
phase current branches as indicated by artificial arrows
demonstrating the destructive interference required for
FW BIC.
5IV. CONCLUSION
In summary, we reported experimentally the polariza-
tion selective tuning of the Fano resonance into Friedrich-
Wintgen bound states in the continuum on an asymmet-
ric terahertz metasurface. The Fano resonance originates
from symmetry BICs as they are perturbed by translat-
ing a gap of the SRR for horizontal and vertical polariza-
tion. The linewidth of the Fano resonance vanishes as a
FW BIC manifests at specific linear polarization states.
The position and size of this polarization induced FW
BIC from the asymmetric sample is calculated to have
a strong dependence on the degree of asymmetry given
by the asymmetry parameter α. High Q-factor supercav-
ity resonances are observed near this FW BIC region of
zero linewidth and can be tuned with respect to asymme-
try. Modulation of the supercavity resonances allows for
an additional degree of freedom in the design of high-Q
factor devices. The subwavelength nature of these meta-
surfaces allows for much smaller mode volume and lifts
the dimensional limitations of dielectric photonic crys-
tals. The metadevices studied here have applications in
lasing, non-linear optics, and high-performance sensing
devices.
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